MOUSE RENAL ISCHEMIC INJURY resembles the pathogenesis of human acute kidney injury (AKI) and is an established animal model for therapeutic testing. Ischemic insult results in tubular cell death and compromised renal function, which leads to fluid overload and waste product accumulation (36) . Renal recovery mainly depends on proliferation of surviving tubular cells (10, 18, 29) , which is a process that recapitulates many features of kidney development. However, renal recovery from acute injury is often incomplete and can result in chronic renal failure (1, 36) . New treatments to accelerate renal recovery could reduce morbidity and mortality. Previously, we and others have shown that a very small number of transplanted bone marrow cells could be incorporated into postischemic renal tubules and could express epithelial markers (20, 27, 28) , suggesting that hematopoietic-to-renal lineage conversion may have occurred in response to environmental signals in regenerating kidneys. However, hematopoietic cells do not integrate into renal tubules in the first week after injury when most renal repair occurs and offer no functional contribution (29) . We reasoned that induction of hematopoietic-to-renal differentiation in vitro and subsequent transplantation of cells that showed renal commitment could offer a "head start" advantage in treating AKI.
In this study, we sequentially treated hematopoietic stem and progenitor cells (HSPC) with cytokines, growth factors, and a histone deacetylation (HDAC) inhibitor to stimulate cell cycle entry, induce chromatin modification, and promote hematopoietic-to-renal conversion. HSPC were used because they share a common mesodermal origin with the embryonic kidney; i.e., the aorta-gonad-mesonephros (AGM) region contributes to early hematopoiesis (9, 32) . This common developmental origin suggests that hematopoietic-to-renal conversion may encounter fewer epigenetic barriers. In an attempt to reach our long-term goal of creating a safe therapy for kidney disease, no viral-mediated gene delivery system was applied to avoid exogenous DNA integration or oncogene expression.
Some cells were also treated with a histone deacetylase (HDAC) inhibitor, trichostatin A (TSA), at 15 nM in the first 6 h during the 2nd stage induction. Nonadherent cells that expressed the hematopoietic marker CD45 were transferred to new culture dishes after the 1st stage. Adherent cells that might have represented mesenchymal stem/ stromal cells (MSC) were discarded. Cells were maintained at 37°C in a 5% CO 2 atmosphere during culture.
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation (ChIP) assay of 1st and 3rd stage cells was performed as described (13) . Chromatin was immunoprecipitated with anti-acetylhistone H3 or H4 and anti-trimethyl-histone H3 (Lys9) antibodies. Immunoprecipitated DNA was quantified using semiquantitative PCR with promoter-specific primers. Of the input DNA, 1% was amplified to normalize enrichment. Immunoprecipitation with isotype-specific IgG was used as a control.
RT-PCR analysis. Total RNA was extracted, and the first-strand cDNA was synthesized. qRT-PCR was performed in triplicate using SYBR green Supermix reagents (Bio-Rad Laboratories). 18S rRNA was used as the control for normalization. Data were analyzed using IQ software (Bio-Rad Laboratories).
Immunostaining and image analysis. Immunostaining was performed as previously described (27) . Stained sections were photographed using a Zeiss Axioplan microscope, and the images were analyzed with Axiovert software (Carl Zeiss). Some stained sections were scanned to obtain Z-stack images with Zeiss laser-scanning confocal microscopy. Images were analyzed using the Zeiss LSM 510 software package, and three-dimensional image reconstruction was performed using Imaris software (Bitplane).
Antibodies and reagents. The following lists the sources of antibodies and reagents: Pax2 (Zymed Laboratories), ZO-1 (Zymed Laboratories), E-cadherin (BD Biosciences), Gapdh (Santa Cruz Biotechnology), laminin (Sigma-Aldrich), Ki-67 (Leica Biosystems), bromodeoxyuridine (BrdU; BD Biosciences), acetyl-histone H3, acetyl-histone H4 and trimethyl-Histone H3 (Lys9; Upstate Cell Signaling Solutions), and activated caspase 3 (Promega). Proximal tubules were stained with FITC-LTA (Vector Laboratories). The percentage of cell proliferation or apoptosis in the proximal tubules was calculated after dividing the number of Ki-67-expressing cells or activated caspase 3-positive cells by the number of LTA-positive cells in the S3 segments. All secondary antibodies were obtained from Molecular Probes. IL-3, IL-6, stem cell factor, BMP-7, activin-A, EGF, IGF-1, and HGF were obtained from R&D Laboratories. Retinoic acid, antimycin A, and trichostatin A (TSA) were obtained from Sigma-Aldrich.
Y chromosome fluorescent in situ hybridization. A mouse Y chromosome painting probe was produced by degenerate oligonucleotideprimed PCR using DNA templates kindly provided by Dr. Diane Krause at Yale University and labeled with digoxygenin (28) . Y chromosome fluorescent in situ hybridization (FISH) was performed as previously described (28, 29) .
Renal ischemia-reperfusion injury, cell transplantation, and subcapsular injection. Female B6-LY5.2 mice (6 -8 wk old) were irradiated with 9.5 Gy of ␥ radiation, and renal ischemic injury was created by clamping the left renal pedicles for 35 min followed by clamp release. Sham-operated mice underwent the same procedures except that clamping of renal pedicles was omitted. Some mice also received a right nephrectomy if renal function tests were performed (29) . Removing the right kidney allowed assessment of renal functional recovery in the left postischemic kidney. Treated cells (5 ϫ 10 6 cells) or untreated male control bone marrow cells were injected via the tail vein into female mice 2 h after ischemic injury. Untreated bone marrow cells (1 ϫ 10 6 cells) from female mice were coinjected into each mouse to provide radioprotection after irradiation. To test whether direct renal parenchyma delivery increases cell integration, subcapsular injection was performed to deliver treated cells or mouse embryonic fibroblast (MEF) cells from embryonic day 13.5 (E13.5) embryos (1 ϫ 10 6 cells in 25 l of Iscove's modified Dulbecco's medium or IMDM) under the left renal capsule with a Hamilton syringe at the time of vascular clamp release. Renal subcapsular injection was also used to test teratoma formation by treated cells.
Renal function tests and renal morphology analysis. Blood samples were obtained via eye bleeding. Serum blood urea nitrogen (BUN) was measured using a Reflotron analyzer (Roche) (29) , and creatinine was measured using capillary electrophoresis. Periodic acid-Schiff (PAS)-stained kidney sections were scored for tubular injury with semiquantitative morphological analysis (7) . In each sample, at least 100 proximal tubules were scored.
Three-dimensional tubulogenesis. Treated cells (5 ϫ 10 5 cells) were suspended into Cellmatrix Type I-A (Nitta Gelatin) in six-well plates and cultured in 3rd stage medium with IMDM supplemented with 10% FBS, EGF at 10 ng/ml, IGF-1 at 100 ng/ml, and HGF at 20 ng/ml for 1-2 wk. IMCD3 cells or untreated bone marrow cells cultured under the same conditions were used as controls.
Embryonic kidney organ cultures. E13.5 kidneys were fragmented into three to four pieces with a razor blade, combined with male treated cells (1 ϫ 10 6 cells), and placed on 0.4-m cell culture insert filters (BD Biosciences) in IMDM supplemented with 10% FBS for 1 wk. The cocultures were fixed, embedded in optimal cutting temperature medium, and sectioned for Y chromosome FISH and E-cadherin immunostaining.
Conditioned medium. Conditioned medium was generated by washing treated cells (1 ϫ10 6 cells) three times. The cells were then recultured in IMDM without any supplements for 3 days. The media were centrifuged to remove cellular components before use. Mice with a left renal ischemic injury and a right nephrectomy were injected with the conditioned medium (1 ml) or control serum-free IMDM into the peritoneal cavity twice a day for 6 days starting on the day of injury. For primary culture of tubular epithelial cells, cells were grown to 60% confluence before exposure to antimycin A at 1 M for 30 min to deplete ATP. The cells were then cultured with conditioned medium or serum-free IMDM for 48 h. BrdU (10 M) was added during the last 6 h before cell harvesting.
ELISA. The concentrations of VEGF, IGF-1, and HGF in treated cells-conditioned medium were determined using mouse ELISA kits obtained from R&D (VEGF and IGF-1) and RayBiotech (HGF). As a control, medium was also collected from cells that omitted the 2nd stage but underwent 1st and 3rd stage cultures. This is to ensure that exogenous IGF-1 and HGF added in 3rd stage medium does not result in artificial elevation of IGF-1 and HGF.
Testing effect of VEGF, IGF-1, and HGF on renal epithelial cells. Primary cultures of renal tubular epithelial cells were grown to 60% confluence before exposure to antimycin A (1 M) for 30 min to deplete ATP (27) . The cells were then cultured for 24 h in DMEM/ F-12 supplemented with VEGF (0.1 ng/ml), IGF-1 (2 ng/ml), and HGF (4 ng/ml). These concentrations are equivalent to those detected in conditioned medium produced by treated cells. Concentrations of these growth factors that were 5 or 10 times higher were also used to treat epithelial cells. BrdU (10 M) was added at the last 6 h to test BrdU incorporation.
Quantification and statistics. To quantify Y chromosome FISH signals in the liver, lung, spleen, bone marrow, and peripheral blood samples, 10 fields (ϫ400) were randomly selected for counting the total number of cells and Y chromosome-containing cells. The percentage of male cells was calculated by the number of Y chromosome-containing cells divided by the total number of cells in that organ, except in the kidney where it was divided by the total number of tubular cells. Each experiment was conducted in duplicate. The number of animals used is indicated in each experiment. Data are represented as means Ϯ SE. Differences between the two groups were analyzed by using an unpaired Student's t-test. Injury scores were analyzed by nonparametric statistical analysis with SPSS software. Differences between three or more groups were analyzed by one-way ANOVA. A two-tailed P value of Ͻ0.05 was considered to be statistically significant. (27, 43, 44) . While cells from the kidney expressed strong EYFP signals, flow cytometry analysis indicated no expression of EYFP in Lin Ϫ cells freshly isolated from the bone marrow (Fig. 1A) . Lin Ϫ cells were treated with cytokines including stem cell factor, IL-3, and IL-6 for 48 h (1st stage) to stimulate cell cycle entry (30, 39) . After 48 h, over 99% of the nonadherent cells continued to express hematopoietic marker CD45 (Fig. 1B) and were transferred to new culture dishes and treated for another 48 h (2nd stage) with retinoic acid, activin-A, and BMP7-nephrogenic factors that have been shown to induce mouse embryonic stem cell differentiation into renal epithelial cells (22) . We reasoned that after cytokine treatment, cycling cells would be more prone to induction by known nephrogenic factors. At the final stage, cells were treated with epithelial growth factors including EGF, IGF-1, and HGF for an additional 72 h (3rd stage) to promote epithelial differentiation and proliferation (8, 17, 33) . The above 3rd stage treatments resulted in a loss in the expression of hematopoietic cell marker CD45 (Fig. 1C) .
RESULTS

Lin
The treated cells were subjected to RT-PCR analysis for genes expressed during kidney development. The results showed the expression of Pax2, Lim1, Gdnf, Six 2, cadherin 6, and cadherin 16 at the mRNA level after the 3rd stage while cells after the 1st stage showed no expression of these genes ( Fig. 2A) . Pax2 was also detectable at the protein level (Fig.  2B ), but proteins for other genes were below detectable levels by immunoblot analysis (not shown). The treated cells did not express the pluripotent cell marker Oct4 (40, 41) , suggesting no acquisition of a pluripotent state. Since Six2 has been used to define renal progenitor cells, our results suggest that conversion to a renal progenitor state may have occurred during the 1-wk induction period.
Activation of the kidney-specific cadherin 16 promoter Ksp could result in the expression of EYFP. We examined the cells for EYFP expression using a fluorescent microscope and flow cytometry ( The change in molecular phenotype was associated with morphological changes. The cell size increased from 8.4 Ϯ 1.2 m in the 1st stage to 14.7 Ϯ 3.8 m in the 3rd stage and began to attach and form an epithelial-like colony (Fig. 2E) . However, no tight junction protein ZO-1 was expressed when the cells reached confluence (Fig. 2F ). The cells also had no expression of nephron-specific epithelial transporters or channels including anion exchanger 1 (AE1), epithelial Na channel (ENaC-␣, -␤, -␥), H ϩ -ATPase, Na-P i cotransporter type 2a and type 2c (NaPi 2a, NaPi-2c), Na ϩ /H ϩ exchanger 3 and 8 (NHE3/8), Na-K-Cl cotransporter 2, and Na ϩ /glucose cotransporter type 2 (Sglt2) (not shown), indicating that treated cells were not fully differentiated renal epithelial cells.
Treated cells have the potential for tubulogenesis. Treated cells were tested for their ability to form tubules in threedimensional cultures (Fig. 3A) . At 1 wk, the cells formed elongated cell cords and branched as extensively as the control renal epithelial IMCD3 cells. Treated cells continued to organize into tubular structures at 2 wk, while untreated bone marrow cells failed to grow and form tubules.
Next, treated cells derived from male mice or MEF derived from male embryos were cocultured with female E13.5 kidneys that had been mechanically dissociated into fragments to increase cell interaction. Male cells that carried Y chromosomes were detected in tubules and expressed epithelial marker E-cadherin (Fig. 3B, right) . In contrast, MEF could only be detected outside the tubular structure (Fig. 3B, middle) . Finally, male treated cells were injected under the capsule of adult female postischemic kidneys where the microenvironment favored epithelial regeneration. Robust male cell integration into the tubules at the site of injection was observed, while control MEF failed to integrate (Fig. 3C) . No teratoma was observed 2 and 6 mo after the injection, supporting the safety for potential therapy.
Increased histone acetylation accompanies cell conversion. Chromatin remodeling is often involved in the change of epigenetic status (16, 31) . We found that acetylation of histones H3 and H4 on the cadherin 6 promoter and the acetylation of histone H3 on the kidney-specific cadherin 16 was increased in treated cells, while no apparent changes in trimethylation of histone H3 were detected (Fig. 4A) . We then treated the cells in the 2nd stage with low concentration HDAC inhibitor TSA (15 nM) for 6 h in an attempt to increase cell conversion. Increased histone acetylation was detected on the promoters for cadherin 6, cadherin 16, and renal developmentally-regulated genes Lim1, Gdnf, and Pax2 (Fig. 4B) . Increased histone acetylation was associated with increased expression of renal genes, while no change in the 18S rRNA gene was detected (Fig. 4C) . Furthermore, EYFP-expressing cells increased by sixfold (from 6.3 to 37.9%, Fig. 4D ), indicating the importance of histone acetylation in cell conversion.
Our goal was to generate a sufficient number of cells within a short period of time for therapy. Cytokine treatment resulted in a 2.5 Ϯ 0.1-fold increase in cell number. Treatment of cells with retinoic acid, activin-A, and BMP7 did not lead to significant changes in cell numbers. No difference in cell death was observed with TSA treatment (P ϭ 0.06, n ϭ 6). Final treatment of cells with EGF, IGF-1, and HGF resulted in expansion of cells by 16.5-and 18.9-fold in the presence and absence of TSA, respectively (Fig. 4E) . The large number of treated cells generated in 1 wk would allow for potential therapy.
Transplantation of treated cells improves renal recovery and protects tubules from ischemic injury. Next, we tested whether transplantation of treated cells accelerated renal recovery. Male cells that were also treated with TSA were injected intravenously into female mice with renal ischemia-reperfusion injury induced by clamping left renal pedicles for 35 min. The right kidneys were removed to eliminate functional contribution from contralateral kidneys. Intravenous administration of treated cells significantly improved renal function by reducing BUN and creatinine to near-control levels. In contrast, injection of untreated bone marrow cells offered no benefits (Fig. 5A) . Renal morphology was also improved as indicated by a more normal appearance of proximal tubules and fewer debris and casts in the tubular lumen (Fig. 5B) . Kidneys of mice with the treated cell injection had significantly lower injury scores (204 Ϯ 14) compared with 244 Ϯ 8 with untreated bone marrow cell transplantation, which was significant when analyzed by nonparametric statistical analysis (P Ͻ 0.05, n ϭ 3-4).
The kidneys were examined to test whether renal protection was due to cell replacement by treated cells. Y chromosome FISH analysis revealed that only 0.05 and 0.02% of tubular epithelial cells carried Y chromosome signals at 7 and 28 days post-intravenous cell injection, respectively (Fig. 5C ), indicating that the therapeutic effect is not mainly attributed to cell replacement. To understand whether low renal integration was due to limited transmigration into renal parenchyma and/or entrapment by extrarenal organs, we analyzed the kidney, peripheral blood, bone marrow, spleen, liver, and lungs and found that only 0.028 Ϯ 0.005 and 0.075 Ϯ 0.021% of renal tubular cells contain Y chromosome signals at 1 and 3 days postinjection, respectively. Other extrarenal organs, especially the bone marrow, contained higher percentage of male cells (Table 1) . There was a trend of decreasing the number of male cells in the lungs, liver, spleen, and bone marrow at 3 days compared with that of at 1 day, suggesting that treated cells may have low viability or have been cleared within the organ where they resided.
The lack of significant cell replacement but improvement in renal function and structure suggests that treated cells could protect the kidney through endocrine and paracrine mechanisms that have been shown by the administration of mesenchymal stem/stromal cells and human hematopoietic stem and progenitor cells (3, 26, 49) . We examined Ki-67-expressing cells in the S3 segments of proximal tubules where most injury and repair occurred. Compared with injections with untreated bone marrow cells, injections of treated cells led to a 46 and 56% increase in tubular proliferation at 1 and 3 days postinjury, respectively (Fig. 5D) . Inversely, there was more than a 1.5-fold reduction in apoptosis (Fig. 5E) . Thus treated cells offer renal protection by both enhancing endogenous renal repair and decreasing renal injury.
Treated cells produce renotrophic factors to exert their therapeutic value. To investigate whether treated cells protect the kidney by producing renotrophic factors, the conditioned medium produced by treated cells was injected intraperitoneally into mice with renal ischemic injury. A reduction in BUN and creatinine was observed (Fig. 6A) , and a 81 Ϯ 12% decrease in apoptosis was detected compared with the control medium injection (Fig. 6B) . Examination of the proximal tubules indicated significantly lower injury scores (201 Ϯ 13) with conditioned medium injection compared with the injury score in the proximal tubules of mice injected with control medium (242 Ϯ 12, n ϭ 4, P Ͻ 0.05). We then cultured renal epithelial cells with conditioned medium to test their cytoprotection after reversible ATP depletion with antimycin A (27, 35) . Cells treated with conditioned medium showed more than a 2-fold increase in BrdU incorporation (8.59 Ϯ 1.31 vs. 5.24 Ϯ 0.73% with control medium) (Fig. 6C) . Growth factors, such as VEGF, IGF-1, and HGF, have been shown to stimulate tubulogenesis and to accelerate renal recovery in animal models (8, 21, 33) . We examined these growth factors in conditioned media produced by treated cells and control cells that omitted the 2nd stage cultures with nephrogenic factors. Treated cells released significantly higher concentrations of VEGF, IGF-1, and HGF in the medium compared with control cells (Table 2 ). The combination of VEGF, IGF-1, and HGF were used at these concentrations to test their growth effect in primary cultures of epithelial cells injured with antimycin A that caused reversible ATP depletion (5, 27) . The results showed that 4.65 Ϯ 0.5% of cells with growth factor treatment incorporated BrdU, whereas only 2.27 Ϯ 0.9% of cells without growth factor treatment incorporated BrdU (P Ͻ 0.05, n ϭ 3-4). Growth factors that were 5 times higher in concentration led to a 2-fold increase in proliferation; this stimulatory effect plateaued when 10 times the growth factor concentration was used (Fig. 6D) .
Next, we measured the serum concentrations of VEGF, IGF-1, and HGF in mice that received control bone marrow cell or treated cell transplantations (Table 3) . No changes in their concentrations were detected between sham operation and 1 or 3 days post-ischemic injury with control bone marrow cell injections, suggesting that ischemic injury to the kidney was insufficient to raise these growth factors to superphysiological levels. Injection of treated cells resulted in two-to fivefold increases in serum VEGF, IGF-1, and HGF concentrations and were approaching levels in treated cells-conditioned medium that were shown to stimulate BrdU incorporation in renal epithelial cells (Table 3 and Fig. 6, C and D) . Our results indicate that VEGF, IGF-1, and HGF are important renotrophic factors produced by treated cells for renal repair.
DISCUSSION
In the present study, we induced a renal-like differentiation from hematopoietic stem and progenitor cells with protein factor and small-molecule treatment. Treated cells Values are mean Ϯ SE; n ϭ 4/group. ELISA was performed to quantify VEGF, IGF-1, and HGF in media collected from treated cells or control cells that omitted the 2nd stage culture but underwent the 1st and the 3rd stage cultures. This is to ensure that exogenous IGF-1 and HGF added in the 3rd stage medium can be washed away and does not result in overestimation of IGF-1 and HGF produced by treated cells. Student t-tests were performed between treated cells and control cells. *Lin Ϫ cells that omitted the 2nd stage culture but underwent the 1st and 3rd stages. express a panel of genes that are known to be expressed at different stages of kidney development. For example, Lim1 is dynamically expressed during renal organogenesis. It is expressed early in the intermediate mesoderm that gives rise to the kidneys and the urogenital system, as well as later in mesonephric tubules, ureteric bud, pretubular aggregates, and their derivatives (11, 23) . In comparison, Six2 has a relatively limited expression pattern. It is expressed in renal progenitors localized to the cap mesenchyme and early pretubular aggregates. As the nephron develops, Six2 is not expressed in the renal vesicle or its derivatives (24) . Other genes, such as cadherin 16, are expressed late in maturing epithelial cells (42, 43) . Detection of a group of genes normally expressed at different stage of kidney development suggests that HSPC may have responded to growth factors and the HDAC inhibitor in a stochastic fashion and that treated cells could be heterogeneous. Heterogeneity could also explain the inability of detecting some genes at the protein level with immunoblot analysis since heterogeneity could dilute the concentration of a newly synthesized protein that might be expressed at a low level in some cells. On the other hand, since kidney development is a continuum that requires coordinated activation of gene networks, induction of hematopoietic cells to differentiate into renal lineage may share a similar expression pattern with sequential activation of multiple renal genes. Although none of the genes examined is exclusively expressed in the developing kidney, the expression of a combination of renal developmentally related genes is suggestive of renal differentiation.
Six2 has been shown to define a multipotent renal progenitor population (18, 24) , and the fact that treated cells express Six2 suggests that cell conversion may acquire a renal progenitor stage. Further studies using HSPC isolated from mice carrying GFP in Six2-expressing cells (24) and performing lineage tracing in the progeny of Six2-expressing cells will confirm this finding and address whether Six-expressing cells give rise to other cells resembling a renal phenotype. The use of HSPC as a model system will shed light onto the mechanism and programming of renal differentiation from a multipotent cell source. In our current study, treated cells do not express tubular segment-specific ion transporters and channels, indicating that they have not been fully differentiated to epithelial cells of specific nephron segments. Future testing using models with injury in different tubular segments will reveal whether treated cells can differentiate into multiple segment-specific epithelial cells in vivo, which would offer disease-specific therapy.
Safety is one of the most important concerns in developing stem cell-based therapy. We took the approach of protein-and chemical-based cell treatment to avoid exogenous gene integration and oncogene expression. An average of 36% of cells expressed EYFP within 1 wk, indicating high efficiency of cell conversion. No expression of Oct4 and no teratoma formation indicate that treated cells are not pluripotent and bear little or no risk of differentiating into tumor cells in vivo. Indeed, we did not observe a teratoma up to 6 mo after subcapsular injection into the kidney. With intravenous injection, treated cells tend to localize to the lungs, liver, bone marrow, and spleen. There is a trend of decreasing the number of treated cells in these organs at 3 days, compared with 1 day, after the injection. One possible reason behind this phenomenon is low viability of treated cells once localized to the tissue. This could be analogous to intravenously injected MSC that have been shown to be trapped mainly in the liver and the lungs and have poor survival in these organs (4) . Although low survival limits the potential of direct cell replacement for an injured organ, it provides some reassurance in safety of using treated cells for therapy. Recent reports on transcription factor-mediated epigenetic reprogramming indicate that cell lineage and developmental potential of the cells can be stably changed (12, 15, 19, 45-47, 52, 53) . Future studies using the strategy of a nonintegrating vector to deliver transcription factors for epigenetic reprogramming may offer stable lineage switching for safe cell therapy.
An HDAC inhibitor, TSA, is used to enhance the efficiency of cell conversion. Although the use of TSA is a potential concern since HDAC inhibition could theoretically induce widespread changes in gene expression, our results indicate that while the expression of renal genes is increased, 18S rRNA does not change. These results are in agreement with the findings that TSA causes selective alterations in 2-10% of gene expression tested in multiple cell types (14, 25, 34, 37, 51) . Although the mechanism of selectivity is poorly understood, HDAC inhibitors have proven to be useful in enhancing reprogramming (2, 48) . For example, HDAC inhibitor valproic acid increases the induction of induced pluripotent stem cells from 0.04 to 11.4% (16) . The effect of an HDAC inhibitor is concentration dependent. Higher concentrations often cause apoptosis whereas lower concentrations often lead to cell differentiation without apparent cytotoxicity (6) . We used a low concentration of TSA (15 nM) to treat cells for a short period of time (6 h) at 2nd stage induction, and the medium was changed thereafter. No increase in cell death was Values are mean Ϯ SE; n ϭ 4/group. Sera obtained from mice injected with treated cells or with untreated bone marrow cells (BMC) were examined for levels of VEGF, IGF-1, and HGF at 1 and 3 days post-renal ischemia-reperfusion injury (IRI) or sham operation. Note superphysiological concentrations of circulating VEGF, IGF-1, and HGF in mice injected with treated cells compared with that of untreated BMC injection at 1 or 3 days post-ischemic injury and -cell injection. *P Ͻ 0.05. observed with this treatment. No TSA was injected into mice to avoid systemic effects.
The effects of intravenous injection of treated cells on improving renal function and structure are significant. Based on a small degree of cell integration into regenerating tubules, direct cell replacement cannot account for acceleration of renal recovery. During culture, cell size is increased from 8.4 to 14.7 m, which may limit intrarenal transmigration through the microvasculature. However, treated cells are able to produce and release VEGF, IGF-1, and HGF at biologically effective concentrations to stimulate epithelial regeneration. Our results are in good agreement with the study indicating that intravenous infusion of human hematopoietic stem and progenitor cells into mice promotes tubular epithelial and endothelia proliferation, improves renal function, and reduces mortality following renal ischemia-reperfusion injury (26) . In this study, human HSPC were mobilized to the peripheral circulation with G-CSF, and purified CD34 ϩ cells (2.5 ϫ 10 6 cells/mouse) were injected intravenously into mice at 24 h post-renal ischemic injury. Analysis of the mouse kidneys showed that transplanted cells were prominently located in and around the vasculature and expressed markers consistent with endothelial progenitors. However, integration of human cells into mouse capillary walls was a rare event, providing evidence against direct cell replacement as the mechanism of renal protection. Instead, human cells localized to the mouse kidney expressed high levels of proangiogenic cytokines, which could account for their stimulatory effect in endothelial and epithelial proliferation in injured kidneys. Our study differs from this publication in that mouse HSPC were isolated from the bone marrow, expanded, and treated in vitro for 1 wk to obtain a large quantity of renal-like cells before in vivo testing. Although we have shown that treated cells produce high levels of VEGF, IGF-1, and HGF and these factors in combination stimulate proliferation of primary cultures of epithelial cells, it is unclear whether they account for most of the beneficial effects of conditioned medium in vivo. Future studies will examine whether injection of the cocktail can achieve a comparable therapeutic effect as the conditioned medium. A confirmative result will open the possibility of using these readily available factors for potential treatment. In addition, results of the study will also guide us for further identification of other secreted factors that may have beneficial or adverse effects on the regenerating kidney.
In the bone marrow, MSC represent another multipotent cell population and can be isolated and expanded in vitro for potential cell therapy. Endocrine and paracrine effects of MSC in renal protection have also been well documented in rodent models (3, 26, 49, 50) . Although many unidentified factors excreted by MSC could contribute to their functions, VEGF has been shown to be an important mediator. Rats treated with MSC had increased renal microvessel density in postischemic kidneys, and knocking down of VEGF in the MSC reduced their therapeutic value, suggesting that renal vascular protection is an essential component in MSC treatment (49, 50) . In addition, intravenously injected MSC stimulated tubular epithelial proliferation and decreased apoptosis in mice with cisplatin-induced renal failure. No significant number of administered MSC integrated into injured tubules for direct cell replacement, and renal protection was also achieved by peritoneal injection of conditioned medium collected from MSC cultures. The results indicate that factors produced by the MSC could reach the kidney through the circulation to protect renal tubules (3). Taken together, above studies demonstrate protective effects of MSC in both endothelial cells of the microvasculature and epithelial cells of the tubules. In our study, Ͼ99% of the nonadherent cells after the 1st stage expressed CD45 and were transferred to new culture dishes for further induction treatment. Since CD45 is only present in hematopoietic cells but not in MSC, we have excluded nearly all MSC. The rapid expansion of cells during a 1-wk induction (16.5-to 18.9-fold increase in cell number) may also suggest a low probability of MSC contamination because MSC are known to have slow growth after the initial seeding (3, 38) . The ability to produce a large number of treated cells is also advantageous compared with MSC, which require weeks of culture to expand cells sufficient for clinical application.
In summary, our current approach shows the promise of generating autologous cells to treat AKI promptly and efficiently. Although direct cell replacement by intravenously injected cells is low due to entrapment in extrarenal organs and limited intrarenal transmigration, treated cells could be used as a safe vehicle to deliver renotrophic factors to accelerate endogenous renal repair. Future studies in increasing intrarenal delivery and promoting treated cell integration into tubules may further enhance the therapeutic value of the cells.
